Germ lineage properties in the urochordate Botryllus schlosseri – From markers to temporal niches  by Rosner, Amalia et al.
Evolution of Developmental Control Mechanisms
Germ lineage properties in the urochordate Botryllus schlosseri – From
markers to temporal niches
Amalia Rosner n, Elizabeth Moiseeva, Claudette Rabinowitz, Baruch Rinkevich
National Institute of Oceanography, Israel Oceanography & Limnological Research, Tel Shikmona, P.O. Box 8030, Haifa 31080, Israel
a r t i c l e i n f o
Article history:
Received 21 September 2012
Received in revised form
25 August 2013
Accepted 3 October 2013
Available online 9 October 2013
Keywords:
Botryllus schlosseri
BS-cadherin
BS-DDX1
BS-Vasa
γ-H2AX
Germ cells
Niche
PGC
Phospho-Smad1/5/8
RNA helicase
Urochordata
a b s t r a c t
The primordial germ cells (PGCs) in the colonial urochordate Botryllus schlosseri are sequestered in late
embryonic stage. PGC-like populations, located at any blastogenic stage in speciﬁc niches, inside modules
with curtailed lifespan, survive throughout the life of the colony by repeated weekly migration to newly
formed buds. This cyclical migration and the lack of speciﬁc markers for PGC-like populations are
obstacles to the study on PGCs. For that purpose, we isolated the Botryllus DDX1 (BS-DDX1) and
characterized it by normal expression patterns and by speciﬁc siRNA knockdown experiments.
Expression of BS-DDX1 concurrent with BS-Vasa, γ-H2AX, BS-cadherin and phospho-Smad1/5/8,
demarcate PGC cells from soma cells and from more differentiated germ cells lineages, which enabled
the detection of additional putative transient niches in zooids. Employing BS-cadherin siRNA knock-
down, retinoic acid (RA) administration or β-estradiol administration afﬁrmed the BS-VasaþBS-
DDX1þBS-cadherinþγ-H2AXþphospho-Smad1/5/8þ population as the B. schlosseri PGC-like cells. By
striving to understand the PGC-like cells trafﬁcking between transient niches along blastogenic cycles,
CM-DiI-stained PGC-like enriched populations from late blastogenic stage D zooids were injected into
genetically matched colonial ramets at blastogenic stages A or C and their fates were observed for 9 days.
Based on the accumulated data, we conceived a novel network of several transient and short lived ‘germ
line niches’ that preserve PGCs homeostasis, protecting these cells from the weekly astogenic senescence
processes, thus enabling the survival of the PGCs throughout the organism's life.
& 2013 Elsevier Inc. All rights reserved.
Introduction
A colony of the urochordate Botryllus schlosseri, the descendent
of a sexually reproduced swimming larva, is a hermaphroditic
organism (reviewed in Berrill, 1940, 1950, 1951; Satoh, 1994) with
male and female germ cells deriving from circulatory cells in the
colonial vasculature. Each colony is composed of a few to several
thousand genetically identical modules (formed through body wall
evagination) belonging to three successive asexual generations,
the functionally ﬁltering zooids and two cohorts of palleal primary
buds (1–4 per zooid) and budlets (secondary buds). All modules
of a particular generation are synchronized to be at exactly the
same developmental phase. Functional zooids are repeatedly
replaced by primary buds on a weekly basis (under 18–20 1C), in
a process called blastogenesis (divided into four major stages A–D;
sensu Mukai and Watanabe, 1976) through pan-colonial coordi-
nated apoptotic and phagocytosis waves, concurrent with the
fast development of primary buds into the adult zooid stage
(blastogenic stage D, also called the ‘takeover’ phase). All tissues
and organs, including the gonads, are reconstructed during every
single blastogenic cycle (Berrill, 1940; Izzard, 1973). While blas-
togenesis starts from the ﬁrst week of larval metamorphosis and
continues throughout the colony's lifespan, sexual reproduction
ensues several sterile blastogenic cycles with the formation of
testes in buds. Sporadic formation of egg follicles within buds,
dorsally to the testes, may complement sexual maturity several
blastogenic cycles later. Ovulation takes place within the newly
formed zooids, simultaneously with the opening of the siphons
and the beginning of a new blastogenic cycle, while sperm
matures within the testes situated in the functional zooid
(Milkman, 1967; Mukai, 1977; Rinkevich, 2002).
One of the most intriguing questions is the origin of gametes in
colonial organisms. The potential precursors for germ stem cells
(GSC) in ascidians, which were studied in several species
(Kawamura et al., 2011), including the compound ascidians Botryl-
lus primigenus (Sunanaga et al., 2006, 2010; Kawamura and
Sunanaga, 2011), B. schlosseri (Brown et al., 2009; Rosner et al.,
2009) and Polyandrocarpa misakiensis (Sunanaga et al., 2007),
failed to produce a common paradigm. To elucidate the molecular
mechanisms underlying germ line sequestration and the identiﬁ-
cation of germ cell precursors in B. schlosseri, we ﬁrst used the
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classical germ line marker BS-Vasa (Rosner et al., 2009) to
illuminate a group (6–12 mm size) of BS-Vasaþ cells assumed to
represent the Primordial Germ Cells (PGC-like, Fig. 1a1) already
seen in embryos. Following larval metamorphosis and the estab-
lishment of young colonies, clustered BS-Vasaþ cells were found
attached to the epithelia in regions where, in gravid colonies,
nascent and mature gonads are typically formed (Rosner et al.,
2009). In sexually reproducing colonies, these cells were situated
within two budlet niches (termed as the ‘budlet niche’ and ‘gonad
rudiment’ Fig. 1a2 and a3) and within the ‘gonad sacs’, or
sporadically attached to soma tissues of primary buds (Fig. 1a3).
In view of the aforementioned experiments and additional obser-
vations, we deﬁned the B. schlosseri PGC-like population as ‘BS-
Vasaþ Oct 4þ Pl10þ ’ cells, easily highlighted by this battery of
markers from bud soma tissue. These PGC-like cells, which were
marked by particular Vasaþ granules arranged around the nucleus
(as in PGCs of other organisms; Strasser et al., 2008) were the ﬁrst
cell type to be observed in regions in which gonads would
eventually be formed.
Recently, Rinkevich et al. (2013) have identiﬁed an additional
germ niche situated in the zooidal cell islands (CI) along the
endostyle and demonstrated that cells originating from these
islands migrate to the buds and are capable of differentiating into
germ cells. The migrating cells (Voskoboynik et al. 2008; Lauzon
et al., 2013; Rinkevich et al., 2013) include several cell populations:
GSC, soma stem cells and phagocytes, all marked by BS-Vasaþ Oct
4þ Pl10þ (Rosner et al., 2006, 2009; Rosner and Rinkevich., 2011),
making it difﬁcult to compare between the various germ stem cell
populations. New markers that typify different germ cell popula-
tions are therefore a necessary tool for the study of germ line
sequestering.
Migration of PGCs from their site of speciﬁcation towards the
developing gonads which was studied in many animal models
(Dudley et al., 2010) revealed the strict control during this journey
aiming at the preserving PGCs ‘stemness identity’ (Gu et al., 2009).
Once settled in developing gonads, PGCs stemness identity con-
tinues to be preserved in ﬁxed speciﬁc niches throughout the
lifespan of the organism (Murray et al., 2010). In B. schlosseri,
where zooids have curtailed longevity and germ stem cell long-
term stockpiling is mediated via recycle between mature (zooids)
and developing (buds) tissues, effective characterization and
tracing of PGC cells may uncover new mechanisms, which enable
the preservation of the ‘stemness identity’.
In looking for additional markers of germ line precursors, we
targeted DDX1, a gene commonly enriched in mouse PGC (Tanaka
et al., 2009). Like Vasa, DDX1 is an RNA helicase (reviewed in
Linder and Jankowsky, 2011; Pyle, 2011) ubiquitously found in
unicellular (e.g., Dictyostelium discoideum) and in all the currently
studied animals (Nematostella vectensis to humans). Activity of this
molecule is associated with numerous biochemical functions
related to RNA metabolism, such as regulation of transcription
(Ishaq et al., 2009), translation and signal transduction (Chen et al.,
2002), spliceosome assembly (Rzymski et al., 2008), alternative
splicing regulation (Ho et al., 2004; Pascual et al., 2006; Onishi
et al., 2008; Vicente-Crespo et al., 2008), polyadenylation (Bléoo
et al., 2001; Chen et al., 2002), RNA transport (Kanai et al., 2004),
cell cycle control (Tanaka et al., 2009), DNA double-strand breaks
repair (DSBs, Li et al., 2008), stress (Buchan and Parker, 2009),
immunity (Zhang et al., 2011) and oogenesis (Rafti et al., 1996).
Associated with its wide range of biological functions, DDX1 is also
implicated in cancers (Godbout and Squire, 1993; Squire et al.,
1995; Tanaka et al., 2009; Balko and Arteaga, 2011; Taunk et al.,
2011) and in certain viral infections (Fang et al., 2004, 2005;
Tingting et al., 2006; Sunden et al., 2007a, 2007b).
This study conﬁrms BS-DDX1 expression in cytoplasm of PGC-
like, male and female gonia cells, and in combination with other
markers (BS-Vasa, BS-cadherin, γ-H2AX, and phospho-Smad1/5/8)
typiﬁes the PGC-like populations. BS-cadherin knockdown assays
unveil the signiﬁcant function of BS-cadherin in PGC clustering
phenotype and development. Alteration of retinoic acid (RA)
levels, administration of β-estradiol and injections of labeled
PGC-like enriched populations, further revealed the nature of
these cell populations, helping in the identiﬁcation of new PGC
niches and the cells traveling between niches during the
blastogenic cycle.
Experimental procedures
Animals
B. schlosseri colonies collected at Monterey, Half Moon Bay and
Moss Landing Marinas, California, were reared at 20 1C as
described by Rinkevich and Shapira (1998).
Isolation of BS-DDX1 cDNA
A partial sequence of the DDX1 gene was obtained from an EST
library available in our laboratory. Regions 5′ and the 3′ of this
fragment were obtained using ‘SMART RACE cDNA Ampliﬁcation
Kit’ (Clontech, CA, USA) with the following changes: 3′ RT was
performed with RevertAidTM Premium Reverse Transcriptase
(Fermentas Life sciences, www.fermentas.com). 5′ RT was per-
formed with Takara Bio's PrimeScriptTM reverse Transcriptase.
In situ mRNA hybridization
Probes were labeled and hybridization was performed as
per Rosner et al. (2009). Hybridization and washings were per-
formed at 60 1C. Two DDX1 speciﬁc probes were used
(Supplementary Fig. 1): (I) a 229 bp fragment ranging nucleotides
1138–1367 of the cDNA or amino acids 367–443 of the
predicted protein and (II) a 360 bp fragment ranging nucleotides
1525–1884 of the cDNA or amino acids 496–615 of the predicted
protein.
Primary antibodies
Anti-BS-DDX1 antibodies were produced by injecting the pep-
tide CSATLHSFDVKKLAEKIMRF conjugated to chick albumin into
rats or rabbits. Rat serum was further puriﬁed and used at dilution
of 1:150. The rabbit serum was used at dilution of 1:4000. Rabbit
anti-phospho-Smad1/Smad5/Smad8 #9511 produced by Cell
Signaling (www.cellsignal.com) used at dilution of 1:100. Rabbit
anti-phospho-Smad2 #3101 Cell Signaling (www.cellsignal.com)
used at dilution of 1:200. Commercial rabbit anti-gamma H2A.X
#ab11174 produced by Abcam (Cambridge UK) used at 1:1000
concentration. Rabbit anti-BS-cadherin, Rabbit anti-BS-Vasa were
previously elicited in our laboratory as described (Rosner et al.,
2007, 2009).
Secondary antibodies
Alkaline Phosphatase-conjugated AfﬁniPure Donkey anti-Rat
IgG (HþL) at dilution 1:10,000 (Cat. no. 712-055-153; Jackson
ImmunoResearch Laboratories, West Grove, PA, USA). CyTM-con-
jugated AfﬁniPure Goat Anti-Rabbit IgG (HþL) Amax-550; Emax
570 (Cat No. 111-165-003; Jackson ImmunoResearch Laboratories).
Alkaline Phosphatase-conjugated Goat anti-Rabbit IgM or IgG
were purchased from Southern Biotech (Cat. no. 4020-04; Bir-
mingham AL, USA) or Jackson ImmunoResearch (Cat. no. 111-055-
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144; West Grove, PA USA). DyLightTM 488-conjugated afﬁnity pure
Fab Fragment Goat anti-Rabbit IgG (HþL) Amax-493; Emax 518
(Cat no. 111-487-003; Jackson ImmunoResearch laboratories).
AlexaFluorR 488-conjugated goat Anti-Rat IgG (HþL). Amax-493;
Emax 519 (Cat no.112-545-003; Jackson ImmunoResearch
Laboratories).
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Immunohistochemical analyses
The immunohistochemical analyses were performed on para-
fﬁn imbedded samples as described (Rosner et al., 2006) with the
following modiﬁcation: the solution used for heat-induced epitope
retrieval was Tris–EDTA buffer (10 mM Tris–Base, 1 mM EDTA
Solution, 0.05% Tween 20, pH 9.0) and visualized by one of the
secondary antibodies listed above. When tissues were double
stained with anti-DDX1 and anti-Vasa antibodies, we ﬁrst stained
anti BS-DDX1 antibodies and then applied the DyLightTM 488-
conjugated AfﬁnityPure Fab Fragment (speciﬁcally designed to
avoid cross-reactions). Only then, we reacted with anti-BS-Vasa
antibodies followed by CyTM 3-conjugated AfﬁniPure Goat anti-
Rabbit IgG. Vigorous washed were performed between stages.
Western blotting
Total proteins were extracted as previously described (Rosner
et al., 2006). For isolation of nuclear proteins, the tissues were
ground in RIPA buffer (#9806, Cell Signaling Technology) contain-
ing 1 mM DTT and protease inhibitors (RIPA extraction buffer).
Nuclei were pelleted by centrifugation at 5200 rpm or 20 min
following resuspension in RIPA extraction buffer and sonicated for
10 s. Then, tissues were boiled for 3 min before loading on SDS-
PAGE. The Western blotting protocol analysis was adapted for
Odyssey detection as recommended (http://biosupport.licor.com/
docs/Western_Blot_Analysis_11488.pdf) with Anti-Rabbit IgG
IRDye 800CW-611-131-002S (Rockland, PA, USA) as secondary
antibody.
Speciﬁc siRNA mediated knockdown of BS-DDX1
siRNAs speciﬁc to BS-DDX1 were synthesized and puriﬁed
using ‘Silencer siRNA Construction Kit’ (Ambion, Austin, TX). The
primers used as templates to synthesize those siRNAs were:
DDX1si1f-AAG CCG TCG ATG AAA TGG GAT CCT GTC TC and
DDX1si1r-AAA TCC CAT TTC ATC GAC GGC CCT GTC TC
DDX1si2f-AAT GCC TCT TCA AAG AAC GCA CCT GTC TC and
DDX1si2r-AAT GCG TTC TTT GAA GAG GCA CCT GTC TC
DDX1si3f-AAA TGA ACC CAC ATG ACC GCG CCT GTC TC and
DDX1si3r-AAC GCG GTC ATG TGG GTT CAT CCT GTC TC
CONTROLR AAC ATC TGC AAC GTC TCT CGA CCT GTC TC and
CONTROLF AAT CGA GAG ACG TTG CAG ATG CCT GTC TC
The siRNAs were delivered by soaking colonial ramets for 2
days in seawater containing 10 nM of the appropriate siRNA. After
2 days, the ramets were sacriﬁced for qPCR. Hematoxylin–eosin
staining (Moiseeva et al., 2004) and immunohistochemical ana-
lyses were performed following: a week (one blastogenic cycle), 2
weeks (two blastogenic cycle) and 5 months.
Quantitative PCR
RNA was extracted from tissues by RNAeasy mini kit (QIAGEN
CA, USA). NanoDrop ND-1000 UV–vis Spectrophotometer (Nano-
Drop Technologies, CA USA) was used to determine RNAs quan-
tities. cDNAs were synthesized with RevertAid H Minus First
Strand cDNA Synthesis Kit (Cat. K1632, Thermo Fisher Scientiﬁc,
Maryland USA). PCR ampliﬁcations were performed using absolute
fast SYBR green master mix (P/N 4385610, AB Applied Biosystems,
USA) according to manufacturer instructions. We used the ‘relative
quantiﬁcation’ method developed by Pfafﬂ (2001), to analyze the
results with the following speciﬁc primers:
(1) BS-DDX1 primers were DDX1-2f-AACTGCTGTTCAATT-
TCGGCGATTC and DDX1-2r GCGACGGTATGGATTGAGTTTGAGC.
(2) BS-Vasa (Accession no. FJ455513) speciﬁc primers were:
272F-TGGTGCTTCTGGCGGATTTAGCG and 272R-AGCGGCGCGGC-
TAAACGAAATAC (3) 18S rRNA (Accession no. AB211066) served
as the reference gene. The 18S speciﬁc primers were: 18SR CTG-
GTGGTGCCCTTCCGTCAATTC and 18SF GGCAGCTTCCGGGAAAC-
CAAAGTC. Primers were synthesized by ‘Metabion international’
(Martinsried, Germany).
DEAB, retinoic acid (RA) and β-estadiol administration
Diethylamino-benzaldehyde (DEAB) Cat. no. D8, 625-6
(Aldrich) was dissolved in DMSO and applied to B. schlosseri
colonies at working concentrations of 10 μM, 50 μM, 100 μM, or
300 μM for 1–3 days. Genet matched control colonies in these
series of experiments were treated with a comparable DMSO
concentration.
Retinoic acid (Cat. no. R2625; Sigma, USA) was dissolved in
DMSO and applied to B. schlosseri colonies at working concentra-
tions of 10 nM or 25 nM for 2 days. Genet-matched (control)
colonies were incubated with the comparable DMSO concentration.
β-Estadiol (E8875, sigma, MO, USA) was dissolved in DMSO and
added to animals' seawater in a concentration of 500 ng/L for 3
weeks. Genet matched controls were incubated in a comparable
DMSO concentration for the same length of time.
Tracing cell fate using CM-DiI dye
CM-DiI is a lipophilic ﬂuorochrome, which intercalates within
the plasma membrane and is retained following treatment with
ﬁxatives and routine parafﬁn processing. Zooids from a blastogenic
stage D colony were extirpated using a pair of 1 ml syringes
equipped with a ﬁne 27G size needle. Zooids were washed several
times with ﬁltered (0.2 mm) seawater and then transferred into a
40 mm nylon cell strainer (BD Falcon) immersed in seawater. Using
the syringe's rubber piston, zooid tissues were pushed through the
nylon mesh to dissociate the tissues. Isolated cells in suspension
were collected into a 15 ml centrifuge tube and pelleted at
2500 rpm at room temperature. Cells were resuspended in 1 ml
Fig. 1. Germ line and germ niches in Botryllus schlosseri. (a1–a3) PGC-like cells and assigned bud niches. (a1) Immunohistochemical analyses of BS-Vasa protein expressions
in PGC-like cells. The staining was visualized with DyLight 488 (green emission) goat anti-rabbit antibodies; (a2) schematic illustration of the budlet niche at blastogenic
stage B; and (a3) schematic illustration of the gonad rudiment and gonad sac at blastogenic stage C. Scale bar – 5 mm. (b1–b4) Expression of the BS-DDX1 mRNA. In situ
mRNA hybridization analyses were performed with BS-DDX1 speciﬁc probes (probes I and II are illustrated in Supplementary Fig. 1). (b1) An oocyte and testis situated in a
primary bud; (b2) a section on blastogenic stage D colony; and (b3) a colony at blastogenic stage B. Nuclei were visualized by DAPI staining (light blue ﬂuorescence); (b4)
young embryo. (c1–c9) Expression of the BS-DDX1 protein. Immunohistochemical analyses of BS-DDX1 protein expressions with polyclonal antibodies elicited in rats (c1, c9)
or rabbits (c2–c8), visualized with secondary ﬂuorescent antibodies coupled to cy3 (red emission; c1–c4, c6), to DyLight 488 (green emission; c5, c7–c8), or with secondary
antibodies coupled to alkaline phophatase (c9). The stained tissues: (c1) a section from blastogenic stage C colony; (c2) secondary bud (budlet) and budlet niche; (c3)
blastogenic stage C secondary bud possessing a gonad rudiment; (c4) primary bud containing gonads and differentiating neural gland; (c5) primary bud with differentiating
oocytes and testis; (c6) mature testis located in the zooid; (c7) a tail-bud stage embryo; (c8) a section from a zooid at stage C; and (c9) stage D zooid. Scale bars – 50 mm. Red
arrow heads point to stained cells. (d) Western blot analysis with anti BS-DDX1 rabbit antibodies reacted with total protein extracted from stage D zooidal testes or whole
colony. Abbreviations: am – ampulla; bc – blood cells; bd1 – primay bud; bd2 – secondary bud (budlet); bn – budlet niche; bs – branchial sac; ci – cell island; em – embryo;
en – endostyle; in – intestine; gor – gonad rudiment; gs – gonad sac; ng – neural gland; nu – nucleus; oo – oocyte; pgc – PGC-like cells; st – stomach; sy – syphon; ts – testis;
tt – test cells;tu – tunic; and zo – zooid.
A. Rosner et al. / Developmental Biology 384 (2013) 356–374 359
seawater containing 2 ml of CM-Dil (CellTracker C-7000, Molecular
probes, Invitrogen) from stock solution of 1 mg/ml (dissolved in 100%
ethanol), for 45 min at room temperature. Cells were spun down
(2500 rpm), rinsed 3, and resuspended in 60 ml ﬁltered seawater. A
sample of 10 ml was used for cell count and viability assessment
(trypan blue). Labeled cells were injected into the ampullae of
genetically matched subclones, via stretched capillaries. The injection
was performed using a microinjector (Narishige, Japan) maneuvered
with micromanipulator (Narishige, Japan). Colonies were then
returned to the aquarium and maintained under normal conditions.
Results
DDX1 isolation and its mRNA and protein expression patterns
In searching for markers speciﬁcally expressed in germ cells'
precursors we isolated a 2478 bp cDNA fragment containing the
full open reading frame (ORF) of the B. schlosseri DDX1 orthologue,
BS-DDX1 (Accession no. JX083389; Supplemental Fig. 1). The ﬁrst
ATG started at nucleotide 40 and the ORF spans 743 amino acids.
The deduced peptide sequence had the highest similarity (70%) to
the urochordate Ciona intestinalis DDX1 orthologue and with high
similarity to orthologues from evolutionary distant organisms
(zebraﬁsh, Xenopus, chicken and humans; 68%, 67%, 66% and
66%, respectively). BS-DDX1, as other DDX1 orthologues, contained
the conserved domains characteristic to the RNA helicases and to a
SPRY domain intercalated within the DEAD box signature
(Supplemental Fig. 1). Woo et al. (2006a, 2006b) have suggested
that SPRY domains are protein-interacting modules, which recog-
nize a speciﬁc individual partner protein.
BS-DDX1 mRNA and protein expression patterns were studied
by RNA in situ hybridization and immunohistochemistry, respec-
tively. Two probes designed from unrelated regions on the DDX1
mRNA were utilized sequentially in RNA hybridization assays
under stringent conditions (Supplemental Fig. 1). Both probes
revealed identical results (Fig. 1b1–b4). Strong BS-DDX1 mRNA
expressions were documented in male cells situated in the central
zone of the buds' testes (Fig. 1b1) with staining levels peaking in
blastogenic stage D buds (Fig. 1b2) and in test cells wrapping egg
cells (Fig. 1b1). In functional zooids, BS-DDX1 expressions were
restricted to spermatogonial cells at the periphery of male gonads,
but absent from the central zone where spermatozoa are usually
situated (Fig. 1b3). Eggs did not express BS-DDX1 whereas the test
cell population wrapping the oocytes showed high expressions
(Fig. 1b1). The staining of the test cells persisted in early-staged
embryos (Fig. 1b4) but faded away in mature wrapped tail
embryos. Besides the germ line lineage, elevated staining was
detected in some blood cells located in ampullae (red arrowhead,
Fig. 1b3), in vasculature and in cells of the branchial sac and
digestive system (red arrowheads, Fig. 1b2). Other tissues showed
only low basal expressions of BS-DDX1 mRNA (Fig. 1b1 and b3).
Controls stained with appropriate sense probes (supplementary
Fig. 2a–c) proved that staining was speciﬁc.
Rat and rabbit anti-BS-DDX1 antibodies revealed identical
expression patterns of BS-DDX1, indicating the speciﬁcity of the
reactions (Fig. 1c1–c9). BS-DDX1 protein expressions were high in
the bud's male cell cytoplasm and low in the zooidal testes, with
no differential expression between spermatocytes and spermato-
zoa (Fig. 1c1). This discrepancy between mRNA and protein
expression patterns in zooidal testes implied separate control
mechanisms for BS-DDX1 mRNA and protein expressions. BS-DDX1
protein was detected in the cytoplasm of PGC-like cells located in the
budlet niche, a region in which PGC-like cell recurrently aggregate
(Fig. 1c2), as well as in the cytoplasm of PGC-like cells and early
differentiating germ cells located in the gonad rudiment (Fig. 1c3).
Expression of BS-DDX1 protein persisted in cytoplasm of male germ
cells along all bud developmental stages (Fig. 1c4 and c5), similar to
BS-Vasa protein expression (Rosner et al., 2009). In zooidal testes,
BS-DDX1 protein expression dropped to basal levels, detected only
sporadically (Fig. 1c6). As in male cells, BS-DDX1 protein cytoplasmic
expression in female germ cells diminished in early differentiating
oocytes, before the decrease in BS-Vasa protein (Fig. 1c5). In the eggs,
BS-DDX1 protein was expressed only in the wrapping test cell layer,
but not in the eggs themselves. Persistently high BS-DDX1 protein
levels were also recorded in test cells within the tunic of embryos
of all developmental stages (Fig. 1c7). In the zooidal cell islands
(CIs; Lauzon et al., 2013; Rinkevich et al., 2013) small aggregates of
BS-DDX1þ cells were attached to the CI epithelial tissues (red
arrowhead, Fig. 1c8). Finally, high BS-DDX1 protein levels were
detected in aggregates of cells in degenerating D stage zooids
(Fig. 1c9). Among the different germ line cells' types, the expression
of BS-DDX1 protein was the strongest and the most prominent in the
cytoplasm of PGC-like population. This BS-DDX1 strong expression
demarcated clearly PGC-like cells from other germ cells. Besides
germ line lineage, high BS-DDX1 protein expressions were seen in
bud differentiating neural gland (Fig. 1c4; Burighel et al., 1998), in the
zooidal endostyle and in blood cells (Fig. 1c1). Appropriate controls
demonstrated the speciﬁcity of the reactions (Supplementary
Fig. 2d–g).
Western blot analysis of total proteins extracted from testes
originating from stage D buds (Fig. 1d) revealed a band of the BS-
DDX1 protein (predicted size 82.4 kDa; observed band size
90 kDa), which was not detected in the entire colony (Fig. 1d;
black arrow), indicating the BS-DDX1 protein was being enriched
in the testes tissue. An additional band of 72 kDa of unknown
nature appeared in parallel.
Therefore, in the germ lineage, highest cytoplasmic BS-DDX1
protein expressions are associated with PGC-like cells. The limited
expressions in soma tissues necessitate additional markers for
demarcating PGC-like populations.
Expressions of BS-DDX1 comparing to those of BS-Vasa in germ cells
Vasa has a rich record of serving as a germ line marker (Raz,
2000). In spite of its expression in multipotent cells (Rosner and
Rinkevich, 2011; Yajima and Wessel, 2011), it is a useful marker for
tracking germ lineage when utilized jointly with additional germ
line markers. Indeed, BS-Vasa and BS-DDX1 revealed much resem-
blance in protein expression patterns along the journey to germ
line differentiation (Fig. 2). Both proteins were highly expressed in
the cytoplasm of PGC-like cells regardless of their location
(Fig. 2a–d), with a slight difference in distribution within the cell:
BS-DDX1 was homogenously distributed beneath the cytoplasmic
membrane, while BS-Vasa in cytoplasm appeared in form of
aggregates. In differentiating spermatocytes, BS-Vasa was detected
in the chromatoid bodies. Both proteins were detected in early-
staged male germ cells within the buds' testes (Fig. 2c and d),
whereas expressions in more differentiating germ cells in the
zooidal testes (Fig. 2e and f) revealed that BS-DDX1 dropped to
low basal levels with sporadic expressions in a few cells (Fig. 2e)
while BS-Vasa aggregated in the chromatoid bodies (Fig. 2f).
Although equally expressed in the cytoplasm of precursor cells,
BS-DDX1 protein expression in the oocytes ceased earlier than BS-
Vasa (Fig. 2a and b). In eggs, we documented high expressions of
BS-DDX1 and BS-Vasa in the wrapping test-cells layer. In the
zooidal cell islands, BS-DDX1 protein was detected in only a few
cell aggregates composed of small cells, resembling the PGC-like
population in the buds (Fig. 2g), while BS-Vasa was expressed in
several cell types, including the macrophage-like cells (Fig. 2h)
and PGC-like cells. Blastula-staged embryos displayed regions
with increased expressions of BS-DDX1 (Fig. 2i), only partially
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overlapping the augmented BS-Vasa expressions (Fig. 2j). Test cells
wrapping the embryos, while continuing expressing BS-DDX1 and
BS-Vasa proteins (Fig. 2i–l), displayed dispersed BS-DDX1 protein
in the test cells' cytoplasm (green ﬂuorescence, Fig. 2k) compared
to condensed small aggregates of BS-Vasa protein (Fig. 2l). These
results suggested that both BS-DDX1 and BS-Vasa proteins are
expressed in the cytoplasm of early staged germ cells, with BS-
DDX1 restriction to early differentiating germ cells, and BS-Vasa
expression persisting in more differentiated germ cells.
Joint expressions of BS-DDX1 and BS-Vasa proteins are
restricted to the germ lineage and test cells wrapping the oocytes
and embryos. BS-DDX1þBS-Vasaþ populations identiﬁed in the
CIs (Rinkevich et al., 2013) resemble the BS-DDX1þBS-Vasaþ PGC-
like cells previously described in bud niches (Rosner et al., 2009).
BS-DDX1 function in germ cells
Knockdown of BS-DDX1 mRNA was performed on 36 colonial
ramets. Blastogenic stage and genet matched controls of each of
the analyzed ramets were simultaneously treated with control
siRNA. The effectiveness and speciﬁcity of knockdown assays were
veriﬁed by qPCR analysis, and impacts were documented by
Hematoxylin–eosin staining or immunohistochemical analyses of
sections from treated colonies.
Concurrent expressions of BS-DDX1 and BS-Vasa mRNAs in
experimental colonies, relative to their matched controls with 18S
as endogenous control, were tested in 17 colonies treated with one
of three types of DDX1 siRNAs (colonies per group: si1¼5, si2¼6,
and si3¼6). Colonies were sacriﬁced 2 days following their
submersion in seawater containing 10 nM of the appropriate
siRNA and their mRNAs were analyzed by relative qPCR. The mean
expression change (fold change relative to control at log2 scale) of
each of the three siRNA groups (Fig. 3a) revealed reduction in BS-
DDX1 mRNA (% knockdown: si1 43.5–71.5; si2 43.6–92.3; and si3
36.9–96.2) while BS-Vasa mRNA increased or remained stable,
testifying that the knockdown was speciﬁc to BS-DDX1 only.
Phenotypic malformations caused by BS-DDX1 knockdown
were surveyed one or two blastogenic cycles following the treat-
ment or 5 months post treatment. Recurring (at least in two
independent genets and induced by different siRNAs) germ line
malformations were detected in eight of the other 19 genets (42%;
Table 1). One colony, which was examined 5 months after treat-
ment was sterile (gonads and oocytes disappeared completely)
with limited number of PGC-like cells in one of the gonad
rudiments and a few PGC-like cells attached to the digestive
system of one of the zooids. The other malformed colonies showed
varying degrees of germ line impairment. Gonad rudiments within
the secondary buds, in which PGC-like and early differentiating
germ cells are normally tightly packed (Fig. 3b), exhibited in
Fig. 2. BS-DDX1 (a, c, e, g, i, k) and BS-Vasa (b, d, f, h, j, l) proteins expressions in Botryllus schlosseri tissues. Positive ﬂuorescent signals were obtained by DyLight 488 (green
emission) coupled secondary antibodies (a, c, g, k) or by cy3 (red emission) coupled secondary antibodies (b, d–f, h–j, l). The analyzed tissues are: (a, b) the gonad sac of a
primary bud; (c, d) primary bud; (e, f) zooidal testes; (g, h) zooidal CI; (i, j) section of an embryo; and (k, l) part of an early-staged embryo with its wrapping test cells layer.
White arrow heads point to BS-Vasa enriched regions. Scale bars – 50 mm. Abbreviations: bd1 – primary bud; bs – branchial sac; ci – cell islands; em – embryo; gs – gonad
sac; mac – macrophage like cells; oo – oocyte; pgc – PGC-like cells; ts – testis; and tt – test cells.
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siRNA-treated colonies a ‘loose mass’ phenotype (Fig. 3c) in which
cavities of various sizes appeared between the cells. In other
ramets (1 week post treatment), only scattered male germ cells
were observed in the gonad sacs of blastogenic stage B primary
buds (Fig. 3d), contrasting the archetypal testes structure exhibit-
ing condensed aggregates of spermatognia (Fig. 1c4 and c5). Stage
D primary bud testes (Fig. 3e) were smaller than normal, posi-
tioned towards the center of the bud with large empty cavities
(Fig. 3f); sometimes populated by up to 140 μm diameter oocytes
(Fig. 3g and h) that subsequently degenerated (Fig. 3h). Zooidal
testes of siRNA treated colonies were malformed, containing low
counts of spermatogonial cells, large bundles of PGC-like cells and
young oocytes (Fig. 3i). In a few cases, small (5–6 μm) BS-Vasa
positive cells appeared in aggregates within the cavities of primary
buds (Fig. 3j), displaying smaller sizes than regular PGC-like cells,
resembling early spermatogenic-stage cells. Their exact associa-
tion with the other germ lineage precursors is not clear. Notwith-
standing the above, the female germ cell development seemed to
be normal except in cases in which oogonia were absent from
gonad rudiment (Fig. 3c) or when they started differentiating
within the testes (Fig. 3h). Finally, BS-DDX1 knockdown was
accompanied by increased expression of BS-Vasa protein in the
form of circular patches in blastula-staged embryos (Fig. 3k),
which resulted in embryos with underdeveloped internal organs.
Formation of few (4–5) BS-Vasaþ cells were detected in the body
trunk as in normal embryos.
Here we demonstrated involvement of the BS-DDX1 gene in
gametogenesis when the male germ populations were the most
affected by BS-DDX1 knockdown in accordance with normal
BS-DDX1 mRNA expressions. In the short term, PGC-like popula-
tion remained relatively unchanged, possibly because they needed
no new BS-DDX1 protein synthesis for their survival.
Putative new zooidal germ line niches
Germ line precursors circulate in vasculature and reside within
developing gonads in buds and zooidal CIs (Sabbadin and Zaniolo,
1979; Rinkevich, 2002; Rosner et al., 2009, Rinkevich et al., 2013).
However, immunohistochemical analyses revealed frequent appear-
ances of BS-DDX1þBS-Vasaþ PGC-like aggregates in degenerating
blastogenic stage D zooids (Fig. 4a and b) that persisted even in
absorbed zooids' residual tissues (Fig. 4c). A further thorough
Fig. 3. BS-DDX1 knockdown by speciﬁc siRNAs. (a) Relative qPCR analysis of BS-DDX1 and BS-Vasa mRNA quantities following siRNA treatment. The samples are divided into
three experimental groups according to the BS-DDX1 siRNA with which they were treated: si1 (n¼5), si2 (n¼6) or si3 (n¼6). The graph compares the mean relative fold
change (log2 scale) of BS-DDX1 and BS-Vasa among the groups. (c–k) Morphological malformations induced by BS-DDX1 siRNAs. Botryllus schlosseri ramets were treated with
one of the three speciﬁc BS-DDX1 siRNAs: DDX1si1 (c, e–h, j); DDX1si2 (d); DDX1si3 (i, k) and results were compared to normal phenotypes of control ramets (b). Analyses
were performed on hematoxylin-eosin stained histology sections (b–f) or by immunohistochemical analysis with anti-BS-Vasa antibodies and visualized by cy3 coupled
secondary antibodies (g–k). Tissues analyzed: (b–c) gonad rudiment; (d) primary bud from blastogenic stage B colony; (e) partial section of blastogenic stage D ramet
containing a zooid and a bud; (f) magniﬁcation of the bud testis region from the ramet shown in (e); (g) blastogenic stage C primary bud; (h) magniﬁcation of the gonad sac
region from the colony shown in (g); (i) a zooidal testis; (j) primary bud; and (k) embryo. White arrow heads point to BS-Vasa enriched regions. Scale bars – 50 mm.
Abbreviations: bd1 – primary bud; bd2 – secondary bud (budlet); bs – brancheal sac; ci – cell island; em – embryo; en – endostyle; gor – gonad rudiment; gs – gonad sac; in
– intestine; oo – oocyte; pgc – PGC-like cells; st – stomach; ts – testis; tt – test cells; vpc – Vasa positive cells; and zo – zooid.
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examination of blastogenesis stages A–C zooids revealed small
aggregates of BS-DDX1þBS-Vasaþ with PGC-like phenotype in
other zooidal tissues, in the branchial sacs (Fig. 4d), attached to
the endostyle (Fig. 4e), stomachs (Fig. 4f), intestines (Fig. 4g), blood
vessels (Fig. 4g), peripheral ampullae and in neural ganglions. Small
aggregates of BS-DDX1þBS-Vasaþ were also detected within zooi-
dal testes (Fig. 4h) in which most of the differentiating sperm cells
are BS-DDX1 negative. In a 5-year-old colony (an extremely old
Table 1
BS-DDX1 siRNA knockdown impacts on germ line.
Genet
ID
Blatogenic
stage
(pre-incubation)
siRNA
type
siRNA impacts on
Gonad
rudiment
(bd2)
Bud testes (bd1) Zooidal testes Embryos Long term
decrease in
PGC/germ
cells
Cavities Other malformations
14 A 1 Normal þ Very small, misplaced, contain few
eosinophilic cells
ND ND þ
W D 1 Loose þ Dispersed male cell aggregates Reduced
spermatozoa
ND ND
2 C 2 ND þ Small reduced germ population Normal Under-
developed
ND
12 C 2 ND þ Residual testes, dispersed cell
aggregates
ND ND ND
Mora D 2 Normal þ Normal Differentiating oocytes
within testes
ND ND
3 B 3 Loose þ Contain few eosinophilic cells Very small Under-
developed
ND
A C 3 ND ND Dispersed male cells out of gonad Differentiating oocytes
within testes
Normal ND
W A 3 ND ND Normal Contain PGC, reduced
spermatozoa
þ* ND
þ , Observed; ND, not documented; *, an abnormal increased expression of BS-Vasa as round patches at blastula stage; and bd1, bd2, primary and secondary buds.
Fig. 4. New zooidal locations of germ cells. Immunohistochemical analyzes with either anti BS-DDX1 antibodies (a, c, d, f) or anti-BS-Vasa (b, d, e, g–i). The analyzed tissues:
(a, b) zooid and bud from blastogenic stage D colony; (c) blastogenic stage A colony; (d) stage A zooid; (e, f, g) stage C zooid; (h) zooidal testis from a mature colony; and (i) a
zooid from ﬁve-year old colony. Scale bars – 50 mm. Abbreviations: am – ampulla; az – absorbed zooid; bd1 – primary bud; bd2 – secondary bud; bs – branchial sac; bv –
blood vessel; en – endostyle; in – intestine; oo – oocyte; pgc – PGC-like cells; st – stomach; ts – testis; tu – tunic; and zo – zooid.
A. Rosner et al. / Developmental Biology 384 (2013) 356–374 363
colony as compared to the average lifespan of a normal colony
which is restricted to a short duration of several months; Fig. 4i),
besides the PGC-like cells, 20 μm BS-Vasaþ oocytes were seen in
the zooidal testes. In 31 of 34 (91.2%; Table 2) unrelated naïve
colonies (i.e. untreated colonies grown under normal cultivation
conditions) tested, we were able to identify at least one BS-
DDX1þBS-Vasaþ aggregate attached to a zooidal internal organ.
Table 2 shows the distribution of these aggregates among the
various zooidal organs in different genets. Each count represents
occurrence of at least one aggregate, at the speciﬁed site, per colony.
The accumulated data showed that the numbers, positions and
sizes of the BS-DDX1þBS-Vasaþ cell aggregates in zooids varied
between genets, with no signiﬁcant preference for any
particular site.
γ-H2AX and Bone Morphogenetic Proteins in B. schlosseri germ cells
Endeavoring to typify the putative PGC populations and compar-
ing between them, we targeted γ-H2AX and Bone Morphogenetic
Protein (BMP) signaling cascade. γ-H2AX has been associated with
the repair of DNA double-strand breaks (DSBs; Li et al., 2005;
Bekker-Jensen and Mailand, 2010). In naïve tissues, oscillations in
γ-H2AX levels have been documented along normal gametogenesis,
characterized by elevated peaks during mitosis and meiosis (Blanco-
Rodríguez, 2009), and described to be a typical feature of pluripotent
stem cells undergoing self-renewal (Turinetto et al., 2012).
Cross reactivity of the commercial anti human γ-H2AX antibody
with the B. schlosseri orthologue was determined by Western blot
analysis, revealing an expected band of about 15 kDa in protein
extracts from stage A zooidal testes (Fig. 5a). This cross reactivity
was probably due to the high similarity (94%) between the human
protein, the immunogen used to elicit the commercial antibodies,
and the B. schlosseri orthologue whose partial sequence (100aa) is
available in the Blast_botryllus database (http://octopus.obs-vlfr.fr/
public/botryllus/blast_botryllus.php; Supplemental Fig. 3).
γ-H2AX in B. schlosseri was markedly displayed in nuclei of
young embryos undergoing extensive mitosis (Fig. 5b1). Fluctua-
tions in γ-H2AX levels were detected along gametogenesis
(Fig. 5b2–b5), with high levels documented in PGC-like cells
attached to the budlet (Fig. 5b2) and in PGC-like cells situated in
the gonad sacs of primary buds, near differentiating oocytes
(Fig. 5b3). Low levels of γ-H2AX were detected in germ cells of
the gonad rudiment (Fig. 5b4) and bud testes (Fig. 5b2). γ-H2AX in
oocytes diminished along their differentiation (Fig. 5b2 and b3),
fading away in eggs. A new upshot of γ-H2AX (Fig. 5b5) coinciding
with meiosis entry, was spotted in spermatocytes I and sperma-
tocytes II in zooidal testes. High expression of γ-H2AX was also
detected in blastogenic PGC-like cells aggregates in blastogenic
stage D disintegrating zooids (Fig. 5b6) and PGC-like cells attached
to the digestive system of blastogenesis stage D primary buds, just
prior to completion of the takeover phase (Fig. 5b7). Altogether,
the data presented here demonstrated elevated staining of
γ-H2AX protein in two phases along germ line differentiation: in
PGC-like cells and in spermatocytes and oocytes during meiosis.
Participation of Bone Morphogenetic Proteins (BMPs) in germ
line commitment was tested because BMP regulates expressions of
genes important for PGC development, PGC niche formation
(Chang and Matzuk, 2001; Tremblay et al., 2001; Arnold et al.,
2006; Dudley et al., 2010; Michel et al., 2011) and homeostasis
(Spradling et al., 2011). BMP signaling is transduced by phosphor-
ylation of the cytoplasmic proteins Smad1/Smad5/Smad8, result-
ing in partnering with Smad4 and translocation into the nucleus
where they activate transcription of genes. In B. primigenus
(Kawamura and Sunanaga, 2011), BMP4 induced expression of
Vasa in Piwiþ germ line precursors.
Cross reactivity of commercial phospho-Smad1/5/8 antibody
with the B. schlosseri orthologues was tested by Western blot
analysis of proteins extracted from nuclei of stage D bud testes
(Fig. 5a), revealing a band in the expected range (52–56 kDa).
B. schlosseri orthologues of Smad1/Smad5 are available at the
Blast_botryllus database (http://octopus.obs-vlfr.fr/public/botryl
lus/blast_botryllus.php; Supplemental Fig. 3), with conserved
residues (90% similarity) surrounding Ser 463/465 (the site of
phosphorylation), the human region used to elicit the antibodies.
Immunohistochemistry analysis revealed strong expression of
phospho-Smad1/5/8 only in the germ lineage and in a single type
of soma cells, the macrophage-like cells (Fig. 5b8). Elevated levels
were found in testes within buds, in PGC-like cells, in oogonia and
in 40 μm oocytes attached to budlet gonadal rudiments (Fig. 5b9).
In zooidal testes (Fig. 5b10), phospho-Smad1/5/8 was detected
only in spermatogonia located at the periphery of the zooidal
testes and absent from the spermatids and spermatozoa at the
gonad center. Strong positive signals for phospho-Smad1/5/8
staining was detected in the BS-DDX1þBS-Vasaþ cell aggregates
situated near the zooidal testes (Fig. 5b10) or attached to branchial
sacs and atrial epithelia of functional zooids (Fig. 5b11) and to
digestive systems (Fig. 5b12). Phospho-Smad2 was detected in
both germ and most of soma lineages in both buds and zooids and
therefore, it was not further studied here.
BS-cadherin in germ cells
Adhesion molecules have important roles in PGC speciﬁcation
and migration (De Felici et al., 2005). Although BS-cadherin in
B. schlosseriwas studied (Rosner et al., 2007), a detailed research of
naïve colonies with emphasis on PGC-like cells and their deriva-
tives has not been done. We showed (Fig. 5c1–c10) that PGC-like
cells attached to the budlet (Fig. 5c1) and in differentiating germ
line cells within gonad rudiments (Fig. 5c2) displayed strong
expression of BS-cadherin protein, probably mediating the attach-
ment of germ lineages to bud epithelial tissue and to each other.
Oocytes expressed BS-cadherin remained ceaselessly along differ-
entiation (Fig. 5c2 and c3). BS-cadherin ﬁrst appeared in oogonia,
possibly enhancing their attachment to gonad rudiments, and
thereafter, in points of contact with the follicular cells lining the
developing eggs (Fig. 5c3), perhaps supporting their organization.
Spermatogonia in the bud testes expressed high levels of BS-
cadherin (Fig. 5c4) that decreased to basal levels in spermatocytes
and spermatozoa in the zooidal testes (Fig. 5c5). PGC-like cell
aggregates in zooidal testes (Fig. 5c6) exhibited strong staining of
BS-cadherin, distributed at the periphery of the cells and at certain
compartments within their cytoplasm. No direct cell contacts were
formed between these PGC-like cells and the surrounding differ-
entiating male germ cells, which did not express BS-cadherin.
Similar high BS-cadherin expressions in intracellular granules
were detected in PGC-like cell aggregates within the vasculature
(Fig. 5c7 and c8). High BS-cadherin was detected in PGC-like cell
Table 2
Distribution of DDX1þ Vasaþ aggregates in zooids, in 34 studied genets.♦
Organ Number of colonies* % of colonies
Branchial sac 7 20.6
Testes 9 26.5
Intestine 12 35.3
Stomach 8 23.5
Endostyle and its groove 8 23.5
Cell islands 9 26.5
Stage D zooids 7 20.6
♦, Absent in three genets and *, appear at least once at the speciﬁed sites.
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attached to the digestive system (Fig. 5c9) or in large oocytes
attached to the atrial epithelium (Fig. 5c10).
BS-cadherin knockdown was performed using sequence-speciﬁc
siRNAs (Rosner et al., 2007) and impacts were immunohistochemically
analyzed in three blastogenic stage C colonies. Differing from previous
experiments (Rosner et al., 2007), the treated colonies were analyzed
immediately following incubation with speciﬁc siRNAs (2 days;
Fig. 5c11–c16). The results showed that in secondary buds, part of
the PGC-like aggregates were detached from the soma tissues
(Fig. 5c11) and oocytes were detected in unexpected sites like near
the buccal siphon (Fig. 5c12). Dispersed BS-DDX1þ cells were detected
in the zooidal CIs (Fig. 5c13 and c14), in parallel with similar
BS-DDX1þBS-Vasaþ cells (Fig. 5c15 and c16) identiﬁed in ampullae.
These cells that are larger (12–14 μM) than PGC-like cells and carry
enlarged cytoplasmatic content and uniform BS-Vasa staining, may
represent differentiating germ precursors.
These results demonstrated high levels of γ-H2AX, cadherin
and phospho-Smad1/5/8 expressions of the BS-DDX1þ BS-Vasaþ
aggregates within various zooidal compartment, similarly to the
PGC-like populations in the buds. Knockdown of BS-cadherin has
resulted in substitution of these zooidal aggregates with disperse
PGC-like cells and oogonia implying: (1) Zooidal BS-DDX1þ
BS-Vasaþ aggregates role as precursors of germ cells; (2) cell
aggregation is mediated via BS-cadherin expression; and (3)
BS-cadherin knockdown enables PGC-like cell differentiation.
Retinoic acid and its effects on germ line
Retinoic acid (RA), known for its pleiotropic functions in the
development of vertebrates (Duester, 2007, 2008), tunicates
(Ishibashi et al., 2003) and other invertebrates (Albalat, 2009), plays
a major role in meiosis control, seminiferous cord formation, sertoli
cell differentiation and gonocyte survival in mammals (Li and Kim,
2004; Kumar et al., 2011). Low levels of RA are required for early germ
developmental events (Chung and Wolgemuth, 2004; Bowles et al.,
2009; Hogarth and Griswold, 2010). Here we administrated DEAB, an
inhibitor of retinaldehyde dehydrogenases (RALDHs; Niederreither
and Dollé, 2008), enzymes involved in RA synthesis, to mimic RA
deﬁciency. Ramets from six B. schlosseri genets were treated with
DEAB for 1–3 days and compared by immunohistochemistry to
respective ramet controls using BS-DDX1 and BS-Vasa antibodies.
Preliminary assays revealed that 300 μM DEAB administration was
toxic to colonies, but reduced concentrations (10–100 μM) did not
affect colonial phenotype or blastogenesis. The results are summarized
in Table 3 and Fig. 6a–f. PGC-like cells in the budlet niche, gonad sac
and small oocytes (up to 120 μm) were stained, as in control animals.
Formation of PGC-like cell in embryos was normal (Fig. 6a). However,
the gonad rudiment of the budlets and the gonad sacs of primary buds
at blastogenic stages C and D and the zooidal testes were dramatically
affected; The gonads rudiment were poorly populated with a small
number of PGC-like cells (aggregated or dispersed; Fig. 6b) while the
gonad-sacs were dilated, exhibiting large cavities (Fig. 6c). BS-Vasa
weakly stained deformed testes, containing hollow spaces (Fig. 6c) and
20 μm Vasaþ cells (probably small oocytes). An additional popula-
tion of DDX1Vasa cells of varying sizes was dispersed in these
gonad sacs (Fig. 6c). Zooidal testes contained bulky aggregates of
BS-DDX1þBS-Vasaþ PGC-like cells (Fig. 6d) and a large number of
BS-Vasaþ male germ cells at early spermatogenetic stages (Fig. 6e),
indicating young staged sperm cells. Blastogenic stage D zooids further
had BS-Vasaþ cell aggregates (Fig. 6f), phenotypically resembling PGC-
like cells and early developing oocytes. Accumulation of early staged
male cells in zooidal testes occurred in ﬁve of six ramets (Table 3)
accompanied by swelling of the gonad sacs and formation of partially
hollowed bud testes (four of six ramets; Table 3). Thus, reduction in RA
quantity affects gonad formation and colonization and attenuates
maturation of germ cells, especially the male germ cells.
We then immersed ten B. schlosseri genets in seawater supple-
mented with 10–25 nM RA. Phenotypic changes were observed one
to 2 days following immersion (Fig. 6g–o) as deformed colonial
morphologies (altered zooidal organization) and with alienated,
twisted and shrunken zooids and buds. Histological analyses
revealed chaotic tissue organizations in zooids and buds, dilated
blood vessels and inﬁltration of blood cells into the tunic matrix.
Focusing on germ line tissues (Table 4), changes were observed in
gonad rudiments within young budlets (Fig. 6g), where only few
BS-DDX1þBS-Vasaþ PGC-like cells were haphazardly dispersed
(n¼4), a dramatic alternation from the tight packed structure of
normal gonad rudiment (Fig. 3b). Some primary buds did not form
testis and contained only tightly packed small aggregates of BS-
DDX1þBS-Vasaþ cells (Fig. 6h). In other primary buds (Fig. 6h–j)
enlarged gonad sacs were seen, containing small malformed gonads
populated with few dispersed PGC-like cells, primary oogonia and
small oocytes (Fig. 6i) and BS-DDX1 cells (Fig. 6j). Testes in zooids
were hyperplasic, moderately stained with BS-DDX1, with strongly
stained cell foci at their peripheral zone (Fig. 6k and l). A signiﬁcant
elevated expression of BS-DDX1 in zooids was also marked in the
zooidal neural glands (Fig. 6k). Additionally, BS-DDX1þBS-Vasaþ
PGC-like cells were detected in gonad sacs near the zooidal testes,
within the testes or embedded within soma cells (Fig. 6m), adjacent
to the intestine (Fig. 6n) or attached to the degenerating tissue in
blastogenic staged D zooids (Fig. 6o). Hyperplasic zooidal testes
with increased BS-DDX1 staining were detected in the four ramets
tested here (Table 4). At the same time the gonad rudiment was
sparsely populated with PGC-like cells and bud gonads were
degenerated (in two of four ramets; Table 4).
Thus, the use of RA revealed two respective sub-populations of BS-
DDX1þBS-VasaþPGC-like cells: (a) a responding subpopulation that
colonizes gonad rudiments and testes (Fig. 6g, i, and j) whose numbers
and differentiation states were impaired by changes in RA levels and
(b) PGC-like cells in embryos, part of the PGC-like cells population in
gonad rudiment, small aggregates in the gonad sac, and most of the
PGC-like cells in the zooids (Fig. 6h and m–o), which are indifferent to
RA and retain their aggregate phenotype.
β-Estradiol effects on zooidal BS-DDX1þBS-Vasaþ population
Attempting to identify additional tools in the research on
PGC-like cells, we treated three Botryllus colonies with β-estradiol,
an estrogen whose administration induce proliferation of PGCs
(Moe-Behrens et al., 2003; Ge et al., 2012) and sex changes in
certain male ﬁsh (Lee et al., 2004). Treated colonies and their
genet-matched controls were immunehistochemically analyzed
with BS-DDX1 and BS-Vasa antibodies. BS-DDX1þBS-Vasaþ cells
proliferation within zooidal microenvironments was evaluated by
measuring the area of each one of BS-DDX1þBS-Vasaþ aggregates
identiﬁed within a ramet with ‘TINA software package’ with
comparisons performed on each genet, between treated and
control ramets. In two of the three genets (Fig. 7a), an increase
in the average size of BS-DDX1þBS-Vasaþ aggregates within the
zooids was recorded in treated ramets (Fig. 7a). In these two
genets, gigantic zooidal BS-DDX1þBS-Vasaþ PGC-like cells aggre-
gates were observed in treated colonies (maximal aggregate sizes
of 550 and 460 μM2 in treated colonies, as compared to 143 and
242 μM2 in their respective genet controls). Aggregates of these
sizes were never detected in any one of the normal colony we
examined in this study (n¼34). Even more interesting was the
detection of early differentiating oogonia intercalated in between
the PGC-like cells of these aggregates. The enlarged oogonia/PGC-
like cell aggregates were found adjacent to the zooidal stomachs
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(Fig. 7b) within the ampullae (Fig. 7c) and along the endostyle
(Fig. 7d and e). This experiment suggests proliferation of PGC-like
cells and differentiation of cells from the PGC-like cells aggregates
into female germ cell precursors.
Tracking the fate of zooidal PGC-like cells
Next, we attempted to study the fate of zooidal PGC-like cells,
focusing on PGC-like cells in late blastogenic stage D zooids
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exhibiting enriched BS-VasaþBS-DDX1þ PGC-like cell populations
as compared to soma cells undergoing apoptosis. Two sets of
experiments were performed. In the ﬁrst, a total of 8105 CM-DiI
stained cells from late blastogenesis stage D ramets were injected
into two blastogenic stage A subclones (total 44 zooids). In the
second, 1.3105 CM-DiI stained cells from late blastogenic stage D
ramets were injected into ﬁve blastogenic stage C ramets (total 99
zooids). Tissue samples from donor ramets (Fig. 8a) and from
injected colonies at three blastogenic cycle intervals were ana-
lyzed: (1) at the same blastogenic cycle (Fig. 8b); (2) one blasto-
genic cycle following injection (Fig. 8c and c'); and (3) two
blastogenic cycles following injection (Fig. 8d–f'). Immunohisto-
chemistry for BS-Vasa in control ramets (Fig. 8a) conﬁrmed the
existence of PGC-like cell populations within blastogenic stage D
zooids. Evidently, since ﬂuorescence intensity in CM-DiI labeled
cells decreases exponentially with cell divisions (Ferrari et al.,
2001) and germ cells in B. schlosseri may undergo numerous
divisions, the use of this methodology could provide only partial
information on injected cells' fates. Notwithstanding the above, we
found that part of the injected cells and their differentiating
descendants in injected ramets were doubly labeled: CM-
DiIþBS-Vasaþ . Injected cells settled and developed within gonads
and buds and within off-bud territories in current zooids/buds and
successor zooids and buds. Fig. 8b shows an injected cell settling
in a gonad sac of primary bud, differentiating into an oocyte 2 days
following injection. Some of the labeled cells differentiated one or
two blastogenic cycles following injection, settling adjacent to
various soma tissues, like the intestine (Fig. 8c and c'), and starting
differentiation into oocytes. Other labeled cells settled within bud/
zooidal testes (Fig. 8d and d') with a small portion already starting
to differentiate (Fig. 8e and e'). Other injected cells were detected
in successor blastogenic staged D zooids, intercalated between
‘native’ PGC-like cell populations (Fig. 8 f and f').
Discussion
B. schlosseri is a hermaphroditic colonial organism capable of both
sexual and asexual reproduction. In searching for the germ line
lineages, Rosner et al. (2009) found that BS-Vasaþ cells, precursors
of the germ line, had already been sequestered at their embryonic
stage, thereafter residing as clusters in buds within speciﬁc niches
until the onset of sexual maturity, following an undetermined number
of asexual blastogenic cycles (Ballarin et al., 2010). Upon the onset of
sexual reproduction, gonad sacs in primary buds become populated
with PGC-like cells, testes and in later blastogenic cycles, with oocytes
and eggs. The eggs are ovulated in the peribranchial chamber of the
newly formed zooids along with siphon opening (Zaniolo et al., 1987)
whereas male cells mature few days later (Sabbadin, 1971). In parallel,
new generations of buds recruit germ line precursors from the blood
forming new gonads to harbor these germ cells (Ballarin et al., 2011).
Besides the bud niches, BS-Vasaþ cells were detected in the zooidal
CIs and the digestive system (Brown et al., 2009; Rosner et al., 2009),
signifying a mixed population of several cell types, including PGCs,
soma stem cells (Voskoboynik et al., 2008) and phagocytes. Recently,
we have demonstrated long-term germ cell chimerism following
reciprocal CI cells injections (Rinkevich et al., 2013). Waves of migra-
tion of germ and soma stem cells (Rinkevich et al., 2013) and
phagocytes (Lauzon et al., 2013) from degrading CIs at blastogenic
stage D to CIs in developing buds were observed. In characterizing
these cells, the present study epitomizes the PGC-like cells as
BS-DDX1þBS-Vasaþγ-H2AXþBS-cadherinþphospho-Smad1/5/8þ ,
excluding all other soma and differentiated germ cells. Based on this
new classiﬁcation, new putative zooidal niches were detected and
additional features of the PGC-like populations were disclosed.
This study introduced BS-DDX1 protein as an efﬁcient marker
for Botryllus PGC-like cells, represented by base-line levels in most
soma but with high protein expressions in the cytoplasm of PGC-
Table 3
DEAB impacts on gametogenesis.
Genet ID Blastogenic
stage (pre-incubation)
DEAB impacts on
Buds Zooidal testes Aggregates of
PGC-like in zooids
PGC-like cells Young oocytes
(up to 120 μm)
Swollen gonad sac
& testicular cavities
Intra-testicular
PGC aggregates
Abnormal early
staged sperm cells
L C þ þ þ N þ þD
M B þ þ þ N þ þD
P A þ þ þ þ þ þ
W B þ þ N N þ þ
Z A þ þ N þ þ þ
2CO A þ þ þ þ N þ
þ , Observed; N, unavailable results; and D, in blastogenic stage D zooids.
Fig. 5. Markers expression within germ cell populations. (a) Western blot analysis with tissues extracted from stage A zooidal testes (for γ-H2AX antibodies) or stage D bud
testes (for phospho-Smad1/5/8 antibodies). In the immunohistochemical analyses, positive signals appeared either as red or yellow (Cy3 conjugated secondary antibody) or
green (DyLight 488 conjugated secondary antibody) ﬂuorescence, (b1–b7) Immunohistochemical analyses of Botryllus schlosseri colonies with anti γ-H2AX antibodies: (b1)
embryo; (b2) primary bud and the gonad sac; (b3) magniﬁcation of a region in the gonad sac from (b2) where oocytes at various stages of differentiation reside; (b4) budlet
and the gonad rudiment; (b5) zooidal testis; (b6) absorbed blastogenic stage D zooid; and (b7) digestive system from blastogenic staged D bud. (b8–b12)
Immunohistochemical analysis of Botryllus schlosseri colonies with anti phospho-Smad1/5/8 antibodies: (b8) B stage colony; (b9) expressions in PGC-like cells and early
staged oocytes in the primary bud; and (b10) zooidal testis in which positive signals were detected in young differentiating cells in the periphery. Strong expressions were
detected in PGC-like cells and early differentiating oocytes situated in the gonad sac: (b11) PGC-like cells attached to the branchial sac of the zooid and (b12) PGC-like cells
attached to the zooidal digestive system. (c1–c10) Immunohistochemical analyses of naive Botryllus schlosseri colonies with anti BS-cadherin antibodies: (c1) budlet and the
budlet niche; (c2) budlet and its gonad rudiment; (c3) oocyte wrapped by test and follicular cells; (c4) testes situated in primary bud; (c5) testes situated in the zooid; (c6)
PGC-like cells within zooidal testes; (c7) PGC-like cells within the zooidal vascular system; (c8) magniﬁcation of the PGC-like cells shown in (c7); (c9) PGC-like cell attached
to the intestine; and (c10) oocyte attached to the atrial epithelium of the zooid. (c11–c16) Immunohistochemical analyses of Botryllus schlosseri colonies which were treated
with BS-cadherin speciﬁc siRNAs for 2 days and then ﬁxed to be analyzed with either BS-Vasa antibodies (c11, c12, c16) or BS-DDX1 antibodies (c13–c15). The tissues are:
(c11) a secondary bud; (c12) zooidal buccal siphon; (c13, c14) CI from stage C colonies; and (c15, c16) ampulla from stage C colony; Scale bars – 50 mm. Abbreviations: am –
ampulla; bd1 – primary bud; bd2 – secondary bud; bs – branchial sac; bv – blood vessel; em – embryo; en – endostyle; fc – follicular cells; gc – germ cell; gor – gonad
rudiment; in – intestine; oo – oocyte; pgc – PGC-like cells; st – stomach; sy – syphon; ts – testis; tu – tunic; and zo – zooid.
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like cells (Tanaka et al., 2009) and primary and secondary gonia
cells. Using siRNA to knockdown BS-DDX1 gene expression, we
were able to implicate BS-DDX1 in male gametes differentiation and
gonads formation. BS-DDX1 protein staining enabled easy tracing of
a single population of cells in the CI, which was stained also by BS-
Vasa. This cell population (BS-DDX1þBS-Vasaþ) has been recorded
in other sites as small tightly packed aggregates of cells attached to
epithelia of the digestive system, branchial sac, endostyle, ampullae
and vasculature and in mature testes of functional zooids, alto-
gether resembling phenotypically and molecularly the PGC-like
cells population, previously identiﬁed by us in reproductive organs
within buds (Rosner et al., 2009). Both populations are BS-Vasaþ ,
BS-DDX1þ , BS-cadherinþ , γ-H2AXþ and phospho Smad1/5/8þ
(Fig. 9). In blastogenic stage D, as the zooidal organs are sequentially
degraded though apoptosis (Lauzon et al., 1993), this BS-VasaþBS-
DDX1þBS-cadherinþγ-H2AXþ phospho-Smad1/5/8þ population is
Fig. 6. Retinoic acid and germ cells. Immunohistochemical analyses for BS-DDX1 or BS-Vasa, with ﬂuorescent Cy3-coupled secondary antibodies (a–g, i, m–o) or with
secondary antibodies coupled to alkaline phosphatase (h, j–l). (a–f) 100 μM DEAB treatment: (a) wrapped-tail stage embryo; (b) budlet attached to a primary bud; (c) bud
testes; (d) a zooidal testis; (e) zooidal testis in a colony; and (f) blastogenic staged D zooid stained with anti-BS-Vasa. (g–o) 25 μM retinoic acid treatment; the analyzed
tissues: (g) budlet; (h, i, j) primary buds; (k) a section containing a zooid and a bud; (l) high magniﬁcation of a zooidal testis; (m) zooidal testis and adjacent PGC-like cells;
(n) zooidal intestine and the adjacent PGC-like cells; and (o) blastogenic stage-D zooid. Scale bars – 50 mm. Abbreviations: bd1 – primary bud; bd2 – secondary bud;
bs – branchial sac; em – embryo; en – endostyle; fc – follicular cells; gor – gonad rudiment; gs – gonad sac; ng – neural gland; oo – oocyte; pgc – PGC-like cells; st – stomach;
ta – tail; ts – testis; tt – test cells; and zo – zooid.
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one of the last cell populations to vacate the deteriorating zooids.
Before vacating the resorbing zooids these cells appeared in large
cellular agglomerates.
In order to assess that the zooidal BS-VasaþBS-DDX1þ
BS-cadherinþγ-H2AXþ phospho-Smad1/5/8þ populations are
PGC-like populations, we conducted a series of experiments to
Table 4
Administration of retinoic acid and impacts on gametogenesis.
Genet ID RA impacts on
Buds Zooidal testes Zooidal
PGC
PGC-like Oocytes all
stages
Gonad
rudiment
Gonad sac Intra
testicular
PGCs
Enlarged Elevated
BS-DDX1
expres-
sion
Small PGC
aggregate
Testis
4 þ þ Partially empty þ EM þ þ þ þ
5 þ þ Partially empty þ EM þ þ þ þ
17 þ N N þ EM N þ þ N
18 þ þ N þ EM N þ þ þ
7-6 þ þ N þ EM þ þ þ þ
10 þ þ N þ EM þ þ N N
25-8 N þ Partially empty þ EM N þ N þ
25-9 þ þ Partially empty þ þ þ þ N þ
18-14 þ þ N þ EM N þ N N
25-12 þ þ N þ EM N þ N N
þ , Observed; N, unavailable results; and EM, some of testes in the buds are absent or partially empty.
Fig. 7. Effects of β-estradiol on B. schlosseri colonies. (a) Average sizes of zooidal BS-DDX1þ BS-Vasaþ cell aggregates were compared via TINA software packing in three
genets before and after treatment. Immunohistochemical analyses of β-estradiol treated B. schlosseri colonies performed with BS-DDX1 and BS-Vasa antibodies. Histological
sections were analyzed with anti-BS-Vasa (b, d, e) or BS-DDX1 (c) antibodies and visualized with ﬂuorescent Cy3-coupled secondary antibodies. (b) Zooidal stomach region;
(c) ampulla and (d, e) part of a C stage zooid. Scale bars – 50 mm. Abbreviations: am – ampulla; en – endostyle; mac – macrophage like cells og – oogonia; pgc – PGC-like
cells; st – stomach; and tu – tunic.
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Fig. 8. Tracing cell fates. Cells extracted from blastogenic stage D zooids were stained with CM-DiI (red ﬂuorescence) and injected into ampullae of genetically matched
ramets. Naïve (a) and injected colonies were ﬁxed for immunohistochemical analyses, on the same blastogenic cycle (b), one (c, c') or two (d–f') blastogenic cycles following
injection. In searching for cells originating from blastogenic stage D zooids (stained with DiI; b, c, d, e, f) and differentiating into germ line lineage, we stained the tissue
sections with anti-Vasa antibodies (a, c', d', e', f') visualizing the latter with green ﬂuorescent DyLight 488 conjugated secondary antibodies. The analyzed tissues were: (a) a
pre-injected blastogenic stage D donor zooid; (b) oocyte in the gonad sac of a primary bud; (c, c') zooidal intestine; (d, d') portion of a ramet with a primary bud, possessing a
developing testis, and part of a zooid containing a mature testis; (e, e') zooidal testis; and (f, f') blastogenic stage D zooid. White arrow heads point to PGC-like cells and
developing germ cells. Scale bars – 50 mm. Abbreviations: bd1 – primary bud; in – intestine; oo – oocyte; pgc – PGC-like cells; ts – testis; and zo – zooid.
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Fig. 9. Schematic illustration of the presumptive PGC-like populations and germ line precursors and their temporal niches in B. schlosseri tissues/colonial modules along
astogeny. During each blastogenic cycle, the PGC-like cells are recycled in the blood and among microenvironments situated in four different colonial modules: the budlets
(secondary buds), the primary buds, the mature ﬁltering zooids (at blastogenic stages A–C) and the blastogenic stage D regressing zooids, where they swap between
modules. As several colonial modules coexist at any particular time, we concentrated on a particular module (marked in blue) from its onset as a budlet to its elimination at
blastogenic stage D (3 weeks later), and show the concurrent changes in the germ line compartment as characterized by speciﬁc markers that they express and
microenvironments in which they reside. In the newly formed budlet, a few DDX1þ Vasaþ γ-H2AXþ BS-cadherinþ phospho-Smad1/5/8þ PGC-like cells (marked in red)
accumulate near the soma primordium at the ‘budlet niche’. As the budlet differentiates, the gonad rudiment (gor) is formed, a functionally complex niche hosting large
numbers of PGC-like and early differentiating male cells (marked in yellow) tightly packed with more differentiated oocytes (marked in pink), the latter being always
peripherally located. At this stage, some of the germ cell precursors become responsive to retinoic acid (RAr). In the primary bud, a separate compartment is formed, the
gonad sac, harboring three niches with cells expressing different marker combinations: the differentiating oocytes (Vasaþ-DDX1), a packed aggregate of germ cells
differentiating into testes (γH2AX) and a dispersed population of PGC-like expressing the same markers as the budlet niche germ cells. Some PGC-like cells are attached to
bud soma tissues, off the gonad sac compartment. When the primary bud is transformed into a functional zooid, female and male gametes mature, and the PGC-like
population expressing identical panel of markers are traced in small aggregates attached to different zooidal internal organs like the endostyle, digestive system, branchial
sac and even the zooidal testis. At blastogenic stage D, part of the PGC-like cells (expressing marker as previously) form large aggregates, which are eventually dispersed, to
be shunted through the vasculature or are left behind in the zooid remains. Abbreviations: az – absorbed zooid; bd1 – primary bud; bd2 – secondary bud; bn – budlet niche;
bs – brachial sac; cad – cadherin; en – endostyle; es – esophagus; gor – gonad rudiment; gs – gonad sac; in – intestine; og – oogoia; oo – oocyte pgc – PGC-like cells; RA –
retinoic acid; st – stomach; t – testis; and zo – zooid. Symbol key: þ , high expression; L, low expression; Ln, low and altered distribution;  , not expressed; 7 , mixed
population; r, responsive; rn, only follicular layer; and nr, not responsive.
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document that they: (1) migrate to the gonads; (2) capable of
proliferation; and (3) capable of differentiation into male and
female germ cells. The ﬁrst and third characteristics were sup-
ported by injection of CM-DiI stained populations from late
blastogenic stage D zooids into genetically matched colonial
ramets at blastogenic stages A or C. Results documented differ-
entiation of injected cells into oocytes or spermatocytes within 2–
9 days post injection, with other injected cells being traced in male
gonads at various stages of differentiation. Since de novo formation
of Vasaþ cells in other tunicates is taken 14–30 days (Sunanaga
et al. 2006), we assume that differentiating cells are descendents
of Vasaþ cells. The second and third characteristics were further
supported by β-estradiol administration, prompting proliferation
of cells and oogonia formation in the zooidal aggregates. The
siRNA knockdown of BS-cadherin, while evoking the dispersion of
cell aggregates at the zooidal niches, has also resulted in differ-
entiation of the BS-VasaþBS-DDX1 cells in zooids and ampullae.
This study endorses the existence of a network of transient
zooidal microenvironments, which we deﬁne here as ‘temporal
niches’, harboring PGCs-like cells and cyclical PGC-like cells
migrations between the ‘temporal niches’ (Fig. 9) and the bud
niches in accordance with Rinkevich et al. (2013), allowing PGCs to
escape the weekly senescence process where all soma is apopto-
tically eliminated (Lauzon et al., 2002; Ballarin et al., 2010).
Identifying niches and determining how they function is experi-
mentally challenging, particularly in organisms like B. schlosseri.
The results showing that the PGC-like cells express phosphory-
lated Smad1/5/8 could indicate that BMP signal is emanated from
‘temporal niches’ cells. However, in contrast to the bud niches, the
newly identiﬁed zooidal ‘temporal niches’ do not normally support
differentiation and it is not clear yet whether they can support
proliferation. BS-cadherin is important in this mode of temporary
housing of the germ line, as revealed for the roles of adhesion
molecules in PGC migration into ‘conventional’ germ line niches
(De Felici et al., 2005; Tarbashevich and Raz, 2010;Yajima and
Wessel, 2012). Additional function of BS-cadherin in conservation
of the ‘stemness identity’ of the PGC-like population in the
‘temporal niches’ was demonstrated by the siRNA speciﬁc knock-
down experiments. It is further evident that zooidal and bud PGC-
like cells differ in RA responsiveness. While changes in RA levels
affect the fate of part of the PGC-like cells located in gonad
rudiment and the male cells in testes, the PGC-like cells in zooids
are indifferent to RA modiﬁcations. Altogether, B. schlosseri ‘tem-
poral niches’ system differs signiﬁcantly from the bud niches and
the conventional germ niches previously described (Fuller and
Spradling, 2007; Yuan and Yamashita, 2010; Gancz et al., 2011;
Spradling et al., 2011). More explicit markers should be developed
to characterize the different niches.
Based on the present and previous studies (Rosner et al., 2009;
Rinkevich et al., 2013), we conceived a novel network for several
transient microenvironments that preserve PGCs homeostasis.
While BS-Vasaþ PGC-like germ cells have already been seques-
tered in embryos (Rosner et al., 2009), the BS-DDX1þBS-Vasaþ
PGC-like cells reside in sequentially developed microenvironments
within zooids and buds. When a colony enters the sexual repro-
duction mode, PGC-like cells in the bud niches start differentiation
simultaneously with the formation of the gonad soma tissues. The
various germ cell subpopulations were characterized by expres-
sion of ﬁve markers (DDX1, Vasa, γ-H2AX, BS-cadherin, phospho-
Smad1/5/8) and responsiveness to retinoic acid, when PGC-like
cells being typiﬁed as BS-DDX1þBS-Vasaþ γ-H2AXþ BS-
cadherinþ phospho-Smad1/5/8þ (Fig. 9). This has been a more
complex germ line system compared to the B. primigenus
(Kawamura and Sunanaga, 2011) system, characterized with a
mycþpiwiþVasa cell population as the earliest identiﬁable germ
lineage population and a second population marked by Vasaþ
germ cells, descendant from the ﬁrst. In B. schlosseri, BS-Vasaþ
population is sequestered at embryonic stage (Rosner et al., 2009)
and is the only population observed to aggregate at the budlet
niche and gonad rudiment in sterile colonies. Differences among
organisms regarding onset of Vasa expression during gametogen-
esis are known (Raz, 2000). However, we cannot rule out the
existence of an additional cell population, which might contribute
to germ line formation.
The germ stem cells segregation system in B. schlosseri is
therefore supported by: (1) embryonic sequestering (Rosner
et al., 2009); (2) numerous germ cells niches (Rinkevich et al.,
2013 and this study); (3) recruitment of PGC-like population in the
budlet niches from circulating populations (Ballarin et al., 2011);
(4) different stem progenitors as the founders of germ and soma
tissues (Stoner et al., 1999; Laird et al., 2005); and (5) coupling
between gamatogenesis and the blastogenic cycle (Ballarin et al.,
2010; Rinkevich et al. 2013 and this study). Additional studies are
crucial to elucidating the molecular mechanisms underlying germ
line sequestering and development, identifying the wide range of
germ cell lineages in B. schlosseri.
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